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Nicotiana benthamianaa b s t r a c t
In plants, transgenes are generally more sensitive against RNA silencing than endogenes are. In this
study, we generated a transgene that structurally mimicks an endogene. It is composed of endoge-
nous promoter, 50-UTR, introns, 30-UTR and terminator elements. Our data revealed that, in contrast
to a conventional transgene, an endogene-resembling transgene was more stably expressed and
poorly processed into small RNAs. In addition, although both constructs triggered methylation of
homologous DNA sequences at similar levels, the endogene-resembling transgene exhibited signif-
icantly delayed onset of local and systemic silencing.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
RNA silencing (RNA interference (RNAi)) refers to a process
where double stranded RNA (dsRNA) molecules are processed by
Dicer-like (DCL) enzymes into 21–24 nucleotide (nt) long small
interfering RNAs (siRNAs). Subsequently to loading onto Argonaute
(AGO) proteins the guiding strand of siRNAs recognize comple-
mentary RNA and presumably DNA for degradation and methyla-
tion, respectively [1]. The dsRNA molecules that trigger the
mechanism may be generated upon virus or viroid replication as
well as upon transcription of invert repeat (IR) transgenes [2–4].
In addition, single stranded RNA (ssRNA) molecules may also serve
as templates for dsRNA production. A key-enzyme in this mecha-
nism, RNA-directed RNA polymerase 6 (RDR6), is supposed to tran-
scribe aberrant ssRNA into dsRNA [5] leading to initiation and
ampliﬁcation of the silencing process. RDR6-mediated dsRNA pro-
duction mainly accounts for the frequent failure to overexpress
transgenes in plants [6,7]. The nature of aberrant RNA (abRNA) is
still elusive. It is assumed that de-capped and/or non-polyadeny-
lated RNA serves as a template for RDR6 [8,9]. Noteworthy, while
both endogenous and transgenic mRNAs are equally susceptibleto siRNA-mediated silencing, in plants, most endogenous tran-
scripts are poor targets of spontaneous, transitive and systemic
silencing [10]. Since RDR6 is involved in all these processes, trans-
genic transcripts appear to be perceived by the host RNAi machin-
ery as aberrant. This could be attributed to the fact that transgenes
are usually under strong promoters, thus producing mRNAs/pro-
teins that could be deleterious for the cell. The high rate of tran-
scription may enhance the probability of abRNA [7,11,12].
However, highly transcribed endogenes, as for example the ribu-
lose-1,5-bisphosphate carboxylase oxygenase (RuBisCO) gene, are
not silenced. This suggests that qualitative rather than quantitative
features of transcripts are deﬁning whether RNAi is initiated or not.
Whether the resistance to silencing of highly transcribed endoge-
nes is based on their 50-UTR, 30-UTR and/or introns is not known.
In order to investigate the signiﬁcance of endogenous gene
structures a highly transcribed transgene (GFPendo) resembling
an endogene was generated. As a reference the structure of tobac-
co RuBisCO small subunit genewas used. Into a green ﬂuorescence
protein (GFP) cDNA two RuBisCO small subunit gene introns were
introduced. This intron-containing GFP transgene was inserted
into the RuBisCO small subunit gene body comprising the
promoter (PRbc), 50-UTR, 30-UTR and terminator (TRbc) sequences.
For direct comparison, a conventional transgene (GFPcDNA)
consisting of the GFP cDNA under the control of CaMV 35S
promoter (P35S) and the CaMV 35S terminator (T35S) sequences,
was generated (Fig. 1). These constructs were agroinﬁltrated into
Fig. 1. Schematic representation of GFPcDNA, GFPendo and GFP16C constructs. P35S:
CaMV 35S promoter, T35S: CaMV 35S terminator; TNOS: nopaline synthase (NOS)
terminator; GFP: green ﬂuorescence protein; PRbc: tobacco RuBisCO small subunit
promoter including 50 UTR; TRbc: tobacco RuBisCO small subunit terminator
including 30 UTR. The hybridization probe used for Northern blots analysis (Fig. 2)
and the bisulﬁte sequencing (Fig. 4) region are indicated by black bars.
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(line 16C) and time-course analysis ensued. The expression of
GFPendo was more stable than GFPcDNA expression. Moreover,
GFPendo transcripts were signiﬁcantly less processed into siRNAs
than the transcripts of GFPcDNA. Interestingly, while both, GFPcDNA
and GFPendo constructs triggered RNA-directed DNA methylation
(RdDM) of homologous DNA sequences in the transgenic GFP plant
(GFP16C), GFPendo-mediated induction of systemic silencing was sig-
niﬁcantly delayed. Our data point towards a new generation of
transgene constructs exhibiting a signiﬁcantly decreased sensitivity
against RNA silencing.
2. Materials and methods
2.1. Generation of constructs
For GFPendo: The tobacco gene for ribulose 1,5-bisphosphate car-
boxylase small subunit (NtRbcS) (GenBank: X02353.1) was chosen
as reference to mimic the genomic structure of an endogene. The
region comprising the 707 bp upstream to the annotated start co-
don was selected for PCR ampliﬁcation as it contains NtRbcS pro-
moter and 50-UTR. The 350 bp region downstream from the
annotated stop codon was selected for ampliﬁcation as it contains
the 30-UTR region and the polyadenylation signal sequence. Intron I
and intron II genetic elements as well as the GFP subfragments rep-
resenting the exons in the GFPendo construct were generated by
PCR using the primers indicated in Supplementary Table 1. Essen-
tially, genomic DNA was isolated from Nicotiana tabacum cv SR1
leaves using QIAgene DNA extraction kit (www.qiagen.com).
100 ng of genomic DNA was employed in the PCR using the corre-
sponding forward and reverse primers for each fragment (see Sup-
plementary Table 1) at a ﬁnal concentration of 0.5 lM, 0.125 mM
dNTPs, 1 U Taq polymerase, 1 PCR Taq buffer and water to a ﬁnal
volume of 20 ll. PCR conditions were as described by the manufac-
turer with an annealing temperature of 60 C for 3000 for each pri-
mer pair, a 72 C step of 10 for the promoter and terminator regions
and 3000 for the NtRbcS intronic regions. The same PCR mix and PCR
conditions (60 C annealing T and 72 C for 3000) were used for the
generation of the GFP subfragments, GFPExon1, GFPExon2 and
GFPExon3, using the pPCV702SM-GFP5 plasmid [13] as a template.
All the PCR products were TA-cloned into the pTPCR [14]. GFPEx-
on3 was excised from pTPCR using MluI and XmaI and ligated into
the pTPCR containing the RbcS_Intron II previously linearized
using the same enzymes. The resulting RbcS_Intron II-GFPExon3
was excised with BsiWI and XmaI and ligated into the BsiWI/
XmaI-cleaved pTPCR containing the GFPExon2 generating the frag-
ment GFPExon2-RbcS_Intron II-GFPExon3. Contemporarily, the
RbcS_promoter + 50UTR was excised with HindIII from pTPCR andligated into the HindIII-linearized pGREEN II. The (+)-oriented RbcS
promoter + 50UTR clonewas linearizedwith PacI andXmaI and ligated
with the GFPExon1 which was excised from pTPCR with the same
restriction enzymes. The generated plasmidwas linearizedwith BsrGI
andXmaI and ligatedwith theRbcS-Intron I (BsrGI-XmaI excised) gen-
erating an insert containing RbcS_promoter + 50UTR-GFPExon1-
RbcS_Intron I. This plasmid was linearized using AgeI-XbaI and ﬁnally
ligated with the previously generated fragment GFPExon2-RbcS_In-
tron II-GFPExon3 excisedwithAgeI-XbaI frompTPCR. A clone contain-
ing the endogene-resembling GFP construct lacking only the
transcription terminator region was digested AscI-XbaI and ligated
with the RbcS 30UTR + polyA fragment which was excised with
AscI-XbaI from the corresponding pTPCR-clone, resulting in GFPendo.
For GFPcDNA: the pGREEN II vector was digested with KpnI and SacI,
blunted and religated, to produce pGREEN-DMCS. The HindIII frag-
ment produced from pRT104 [15] was blunted and ligated to FspI di-
gested pGREEN-DMCS, producing pG104+. The SacI/XbaI fragment
of pT3T7-GFP5 was then ligated into a similarly digested pG104+,
producing the pG104-GFP (GFPcDNA).
2.2. Agroinﬁltration assay
GFPendo and GFPcDNA construct-containing binary vectors were
introduced into the Agrobacterium tumefaciens ATHV strain and
agroinﬁltrated at O.D. 1 as described before [16].
2.3. Northern blot analysis
RNA was extracted from leaves and analyzed for long and small
RNAs as described before [17]. The full length GFP cDNA was used
as a probe. For loading control, a 592 bp N. benthamiana actin
(JQ256516.1) cDNA fragment was ampliﬁed in a reverse-transcip-
tase reaction using the primers 50-ATG TAT GTT GCT ATT CAG
GCT GTC C-30 and 50-CCT TAA TCT TCA TGC TGC TAG GAG C-30
and used as a probe.
2.4. Bisulﬁte sequencing
DNA extraction, bisulﬁte assay and PCR conditions were per-
formed as previously described [17] using the primers 50-GAY
AAG YAA AAG AAY GGY ATY AAA G-30 and 50-AAT TAT TAC ATR
CTT AAC RTAA TTC AAC-30. For interpretation of bisulﬁte sequenc-
ing data the CyMate software was used [18].
2.5. GFP monitoring
Pharos FX molecular scanning (Biorad, www.bio-rad-com) was
used for scanning of GFP ﬂuorescence, as recommended by the
manufacturer’s instructions. Leaves were scanned by CY3 and FITC
ﬁlter channels and the merged picture depicted GFP ﬂuorescence.
3. Results
3.1. GFPendo is more stably expressed than GFPcDNA
In order to mimick the structure of an endogenous gene, the to-
bacco Rbc small subunit gene was used as a reference gene. It was
chosen because it is not targeted by RDR6-mediated silencing de-
spite the fact that it is highly expressed in green plant tissue
[19,20]. The endogenous Rbc promoter, 50-UTR, introns, 30-UTR
and terminator were used to generate the GFPendo. As control,
GFPcDNA was produced, where GFP cDNA was under the control
of CaMV 35S promoter and terminator (Fig. 1). In order to show
that introns of GFPendo were efﬁciently spliced and that functional
GFP mRNA and GFP were produced from both transgenes, GFPendo
Fig. 2. RNA silencing analysis of N. benthamiana wild type (WT) and 16C plants using agroinﬁltration with GFPcDNA and GFPendo, respectively. Northern blot analysis for GFP
mRNA and siRNAs accumulation 2–4–6–8 dpi. The full length GFP cDNA (Fig. 1) and a 592 bp actin cDNA (JQ256516.1) were used as a hybridization probes. In the GFP mRNA
Northern blots, signals of lower molecular weight RNA most probably derived from GFP mRNA decay products. Actin accumulation served as loading control.
Fig. 3. GFP monitoring of agroinﬁltrated wild type (left panel) and 16C (middle pannel) N. benthamiana plants. Non-inﬁltrated newly emerged systemic 16C leaves (right
panel).
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ana WT leaves. Upon agroinﬁltration, T-DNA expression is tran-
sient. Thus, transgene expression levels were monitored in a
time-course analysis at 2–4–6–8–12 days post inﬁltration (dpi).
Until 12 dpi the agroinﬁltrated tissue was in healthy condition.
However, after 12 dpi slight degeneration of the inﬁltrated areas
started. At the chosen time points, RNA isolated from pools of inﬁl-
trated leaf material were used for mRNA and siRNA analysis
(Fig. 2). In parallel, GFP expression of agroinﬁltrated leaves wasmonitored using a phosphorimager. Both constructs exhibited
ﬂuorescence already at 2 dpi. However, while GFPcDNA ﬂuorescence
diminished 4 dpi, GFPendo ﬂuorescence was still visible at least un-
til 12 dpi (Fig. 3). Northern blot analysis revealed that GFPcDNA and
GFPendo mRNAs accumulated to high and almost equal levels 2 dpi
(Fig. 2). GFPcDNA transcripts clearly diminished 4 dpi and consider-
able amounts of siRNAs accumulated. In contrast, GFPendo mRNA
levels were stable at least 4 dpi, while very few siRNAs were
detectable at any time-point (Fig. 2). These ﬁndings suggested that
Fig. 4. Bisulﬁte sequencing analysis of a part of the GFP16C transgene (Fig. 1A, black
bar) after agroinﬁltration of GFPendo and GFPcDNA into 16C plants. The histogram
represents a summary of the bisulﬁte sequencing data (Supplementary Fig. 1).
Silenced tissue 12 dpi (Fig. 1C, middle panel and Supplementary Fig. 2) was used for
analysis. Unexpectedly, mock-agroinﬁltrated GFP16C exhibited signiﬁcant CG
methylation, presumably transgenerationally maintained [32] from a previous
silencing event of 16C plants, that nevertheless had no impact on its expression
levels (Fig. 2).
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silencing of the latter was more quickly and was associated with
the accumulation of high levels of siRNAs.
3.2. Delayed local silencing by GFPendo
Since GFPendo mRNA displayed delayed silencing and could be
less prone to siRNA-mediated silencing, it may be a poor silenc-
ing trigger. In order to conﬁrm this assumption, the GFPendo and
GFPcDNA transgene constructs were agroinﬁltrated into N. benth-
amiana 16C plants stably expressing GFP (GFP16C). Again, 2–4–
6–8 and 12 dpi GFP expression and siRNA accumulation were
analysed. As was observed for agroinﬁltrated WT plants, GFP
(GFP16C, GFPendo and GFPcDNA) mRNA levels reached a peak
2 dpi. At 4 dpi, GFP16C/cDNA mRNAs diminished and siRNAs accu-
mulated. In contrast, GFP16C/endo mRNAs were stable and very
few siRNAs were detectable. 6 and 8 dpi GFP mRNAs were hardly
detectable in both, GFPendo- and GFPcDNA-inﬁltrated N. benthami-
ana 16C leaves. In GFPcDNA-inﬁltrated N. benthamiana 16C leaves,
signiﬁcantly more siRNAs were produced than in plants that
were inﬁltrated with GFPendo (Fig. 2). In agreement with high
siRNA accumulation, GFPcDNA agroinﬁltration induced local
silencing of the GFP16C mRNA already at 4 dpi. In contrast,
GFPendo agroinﬁltration led to co-suppression of GFPendo and
GFP16C not before 6 dpi (Fig. 3). 12 dpi GFP expression was si-
lenced in all inﬁltrated areas (Fig. 3).
3.3. Both GFPendo and GFPcDNA triggered RdDM of GFP16C
Since RNAi is closely related to RdDM, we investigated whether
GFPendo and GFPcDNA differentially triggered RdDM of the GFP16C
transgene. 12 dpi silenced tissue (Fig. 3 and Supplementary
Fig. 2) was used for methylation analysis by bisulﬁte sequencing.
The upper DNA strand of a GFP16C region (Fig. 1) was analyzed.
Our data indicated that both GFPcDNA and GFPendo had induced
RdDM of the homologous GFP16C sequence at similar levels
(Fig. 4 and Supplementary Fig. 1). Upon GFPcDNA agroinﬁltration
67%, 77% and 77% of the GFP16C cytosines were methylated in CG,
CHG and CHH contexts, respectively. In GFPendo-inﬁltrated leaves,
methylation at CG, CHG and CHH sites was 56%, 72% and 72%,
respectively. The high CHG/CHH methylation marks denoted that
ongoing de novo RdDM was triggered by both constructs [21].
Importantly, siRNAs are suggested to trigger RdDM and RdDM is
thought to lead to siRNAs ampliﬁcation, in a self-reinforcing path-
way involving PolIV and RDR2 [22]. In our experimental setup al-
most identical GFP16C RdDM was detected. The fact that largely
different levels of GFPendo and GFPcDNA-derived siRNAs accumu-
lated in the inﬁltrated GFP16C plants, suggests that efﬁcient RdDM
does not necessarily require high amounts of siRNAs, if any at all
[23]. Low levels of GFP siRNAs were detected in GFPendo-inﬁltrated
WT and 16C plants. This ﬁnding indicated that GFP16C transgene
expression, if at all, only poorly contributed the generation of
GFP siRNAs.
3.4. Delayed systemic silencing by GFPendo
Local silencing using GFPcDNA initiated systemic silencing of
GFP16C in newly emerged apical leaves about 20 dpi. In contrast,
systemic silencing initiated by GFPendo was detectable not before
50 dpi (Fig. 3). Importantly, the GFP16C coding region was equally
methylated in locally silenced areas of GFPcDNA- and GFPendo-inﬁl-
trated leaves. This suggests that production of systemic silencing
signals is not dependent on the methylation status of the transgene
silencing trigger, but may instead be directly correlated to the ini-
tial abundance of siRNAs accumulation [7,11].4. Discussion
Previous studies revealed that intron-containing transgenes
were more highly expressed than corresponding intron-less cDNA
transgenes [24,25]. The data presented here suggest that an endo-
gene-resembling transgenehas a signiﬁcantly lower capacity to trig-
ger local and systemic RNA silencing than classical transgene
constructs have. The observation that GFPendo was associated with
poorgenerationof siRNAscannotbeattributed toa lowtranscription
rate, since both, GFPendo and GFPcDNA, were almost equally tran-
scribed (Fig. 2). Thus, differential silencing could be assigned to the
processing of GFPendo primary transcripts (pre-mRNAs) by the
spliceosome and/or to the RNA stability conferred by endogenous
50- and 30-UTRs. Indeed, the presence of introns and long 30-UTRs
may operate as cis elements to trigger non-sense mediated decay
(NMD) in plants [26]. Thus, degradation of such transcripts may
rather be channelled to an exonucleolytic pathway than to the
RDR6/SGS3/DCLs pathway [27]. Accordingly, stable association of
spliceosome complexes on pre-mRNAs may hinder the recruitment
of RNAi machinery enzymes [28]. One may thus hypothesize that
both GFPcDNA and GFPendo constructs produce aberrant transcripts.
However, aberrant GFPcDNA transcripts could be processed by
RDR6/SGS3/DCLs into siRNAs [27] whereas aberrant GFPendo tran-
scripts may predominately fed into a spliceosome-dependent exo-
nucleolytical degradation process [26]. Reminiscent of this,
genome-wide analysis of endogenous small RNAs density revealed
that it is signiﬁcantly higher in regions corresponding to exons from
intron-less genes than those corresponding to intron-containing
genes [29]. In addition, at least in two cases, intron splicing nega-
tively affected spontaneous and transitive transgene RNA silencing
in Arabidopsis [29,30]. Interestingly, the cap-binding proteins, ABA-
HYPERSENSITIVE1 (ABH1) and SERRATE (SE), seem to be recruited
during intron-mediated suppression of RNA silencing [29,31].
It should be noted that in this study, we aimed to generate a
transgene that mimicks the structure of an endogene, by including
endogenous promoter and terminator, UTRs and introns. In view of
stabilizing transgene expression, additional constructs (replace-
ment of the promoter, replacement of the coding region, deletion
of 50 and/or 30 UTRs, stepwise deletion of introns, addition of a
710 E. Dadami et al. / FEBS Letters 587 (2013) 706–710second terminator or deletion of the terminator and combinations
thereof) would be helpful to study the signiﬁcance of each element.
However, none of these constructs would resemble an endogene-
like structure. In addition, the optimal structure of most endogenes
could have been evolutionarily selected. Thus, artiﬁcial changes of
the authentic structure may result in destabilization of gene
expression. The data presented here collectively suggest that
employment of endogenous gene bodies may enable the genera-
tion of a new class of transgene constructs that exhibit a strongly
reduced sensitivity against RNA silencing. The transient approach
of this study showed that such constructs are poor ‘triggers’ of
RNA silencing. Future experiments using stable transformation ap-
proaches will indicate the sensitivity of endogene-resembling
transgenes against RNA silencing.
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